Ceria has proven to be an excellent ion-transport and ion-exchange material when used in polycrystalline form and with a high-concentration of aliovalent doped cations.
Introduction
Doped polycrystalline electroceramic oxides are an important class of materials in which point defects in the bulk and grain boundaries play a key role in regulating mechanical, optical, thermal, magnetic, catalytic and charge transport properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The transport and ion exchange functionalities of electroceramics make them suitable for many technological applications including catalysts, 11, 12 solid electrolytes and electrodes, [13] [14] [15] gas separation membranes, 16, 17 gas sensing systems, 18 and memristors. 19 Many of the relevant oxides have fluorite or perovskite structures where oxygen transport occurs via thermally activated vacancy hopping and electron transport takes place via polaron hopping. In these oxides, aliovalent cation doping can be employed to introduce oxygen vacancies, manipulate oxygen migration energies, and regulate the concentration of mobile electrons and holes.
Many applications employ polycrystalline solids where the overall properties of the material are significantly impacted by the presence of grain boundaries. For example, ionic conductivity is degraded by space charge effects which block oxygen transport across GBs [20] [21] [22] [23] [24] [25] [26] and it is commonly assumed that there is a high concentration of immobile positively charged oxygen vacancies at the GB core which repel mobile vacancies. Simple Mott-Schottky and Gouy-Chapman models have been developed to treat space charge effects. 24, [26] [27] [28] [29] [30] 30 Although successful in many ways, the Mott-Schottky and Gouy-Chapman models are built on the so-called âĂĲdilute-soluteâĂİ or âĂĲnon-interactingâĂİ defect assumption. There is a growing body of experimental evidence 2,3,5,6, [31] [32] [33] [34] [35] and theoretical predictions 33, 34, 36 that confirm solute cation concentrations at GBs which exceed the range of validity of the dilute solute assumption (∼ 1%). These observations are not surprising considering the typical temperatures employed for ceramic processing. There is a strong driving force for solute segregation to reduce the overall system energy due to cation size mismatch, electrostatic forces (i.e. GB core charge neutralization), and/or reduction in the GB energy. 9, 31, 32, 36, 37 The ionic conductivity behavior of GBs with high solute concentration is substantially enhanced contradicting the predictions of the dilute-solute space charge models. 7,10 The origin for the conductivity increase is not currently understood and requires a fundamental investigation of the role of solutes on the atomic structure and bonding at grain boundaries.
In this article, using first-principles simulations, we provide a fundamental understanding of the atomic-structure, stability and electronic properties of pristine as well as aliovalent, alkaline-earth metal (AEM) doped GBs in CeO 2 . We show that a local doping with ∼20%
[M] GB (M=Be, Mg, Ca, Sr, and Ba) has a significant impact on the thermodynamic stability of the GBs. Using density-functional theory simulations with a GGA+U functional we examine the structure, thermodynamic stability and coordination of atoms at the GB interface for two of the more frequently observed grain-boundaries in Ca-doped ceria, 7,38 the Σ3 (111)/[101] and Σ3 (121)/[101] GB. We show that a local doping with ∼20% [M] GB (M=Be, Mg, Ca, Sr, and Ba) has a significant impact on the thermodynamic stability of the GBs. Element-projected and orbital-projected density of states show that no defect states are present in or above the band gap of the AEM doped ceria, which is conducive to maintaining lower electronic mobilities that is necessary for good ionic transport. In addition, we find that the band gap of ceria can be modulated by up to 0.3 eV by selecting different AEM dopants at the ceria GB. 
Computational Methods
All simulations are based on density functional theory (DFT) using the the projector augmented wave method 39, 40 as implemented in the plane-wave code VASP. [41] [42] [43] [44] All simulations included spin-polarization and the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 45, 46 exchange correlation functional was used. In addition, the strong correlation effects of the Ce 4f electrons were treated within GGA using the Hubbard U correction (GGA+U) formulated by Dudarev et. al. 47 A plane wave cutoff energy of 400 eV was used for all cases except for the volume optimization of ceria, where it was set to 520 eV. This cutoff energy was sufficient to converge the forces 52 acting on each ion to 0.01 eV Å/atom or better. A block Davidson 53 minimization algorithm was used to achieve a convergence in total energy per cell on the order of 0.001 eV or better. During the initial construction of each GB supercell structure, the inter-GB spacing between respective grains (the z-axis separation) was set to maintain the same cation-anion bond distance across the interfaces as the grain interior. This was motivated by several studies suggesting that ceramic oxides relax to retain a bond length between ions that is similar to the grain interiors. 55, 56 To minimize the GB interactions between periodic images, the undoped GB cells were constructed from grains having a c lattice vector two times the periodic repeat distance of the oriented cell, such that c = 2a hkl , where hkl are the crystal directions associated with the (111) and (121) interfacial planes. These GB supercells are used for assessing the energy and electronic properties of the undoped and doped GBs.
Note that the GB energy difference between the GB supercells constructed using grains with c=a hkl and c=2a hkl was only 8 meV/Å 2 and 2 meV/Å 2 for the Σ3 (111)/[101] and Σ3 (121)/[101] GB, respectively.
We ensured that the strain fields due to the AEM solutes decayed within the supercell as discussed in the following section. When doped with an AEM solute, an oxygen vacancy was introduced in the cell to maintain charge neutrality. Pseudopotentials for each AEM solute were chosen such that the total energy was a minimum, and to ensure convergence of the simulations. The O and Ce atoms have been described by 2s 2 2p 4 and 5s 2 5p 6 6s 2 5d 1 4f 1 valence electrons, respectively. The valence electrons for Be and Mg were described by 2s 2 and 3s 2 while Ca, Sr, and Ba used 3s 2 3p 6 4s 2 , 4s 2 4p 6 5s 2 , 5s 2 5p 6 6s 2 valence electrons, respectively. All structures, the bulk ceria, the GB structures and the AEM-doped GB, were subject to full structure optimization.
Results and discussion

Grain Boundary Structure and Character
Grain boundary notations represent its 5 macroscopic degrees of freedom, i.e., the four degrees specifying two directions and one specifying the angle. 57 Besides these macroscopic specifications, atomic-level parameters like the number of coordination-deficient cation sites, the average cation-anion bond distance, and the GB induced lattice expansion can further elucidate the GB's structure-property relationship. A coordination-deficient cation site is a site which has fewer bonds than that of the host cation in the defect-free lattice. Thus for ceria-based compounds, a coordination-deficient cation site will have less than 8 nearest neighbor oxygen atoms. GB expansion, γ GB in Å, is defined as the difference in the z-axis length between the relaxed GB supercell and the corresponding relaxed GB-free supercell divided by two. Hence, γ GB is a measure of the expansion of the pristine ceria's lattice vector that is perpendicular to the GB plane. Table 1 in agreement with experimentally measured values in similar systems. 55 We emphasize here that in stoichiometric ceria, the coordination-deficient vacancy sites are structural in origin.
The charge neutrality of the compound is maintained for all simulations thus no other point defects were considered to be present at the GB. Figure 1c and d,
in the GB structure, is observed. Both tensile and compressive strains are present in each GB lattice. The lattice distortions are predominant near the GB and diminish rapidly away from the GB. Table 1 : The interface-plane notation, the misorientation angle, θ in • , the total number of coordination deficient cation sites per GB, the average Ce-O bond distance for each GB structure,r GB Ce−O in Å, the z-axis expansion of the GB supercell, γ GB in Å and the GB energy, ∆E GB in eV/Å 2 are listed for the two GBs studied in this work. ∆E GB values listed in parenthesis are in J/m 2 . 
Thermodynamic Stability of GBs and Solute Doped GBs
In order to compare the stability of ceria in the presence of GBs' and dopants we compute the GB energy, ∆E GB ,
where E GB is the total energy of the GB supercell with solute M, E χ is the energy of one formula unit of bulk χ where χ = CeO 2 or MO (see SI Table 1) , n χ is the number of formula units of χ in the GB supercell, and A is the area of xy-plane i.e. the GB containing plane.
∆E GB represents the area normalized excess energy of ceria due to the creation of the GB interface.
As listed in GB of ceria, respectively, where we place the Be, Mg, Ca, Sr, and Ba solutes to assess their impact on the stability, structure and electronic properties of the lattice. Note that higher concentrations of dopants in ceria-based electrolytes have been reported at or near the GBs. 38, 59, 60 By definition, for a cation site to be considered part of the GB core, the site must lie along/on either side of the GB mirror plane (see SI Figure 1 GB have a similar, and in fact much smaller, net bond strains shown in Figure 1c .
For both the GBs, the coordination-deficient cation sites (magenta and orange triangles) are among the lowest energy sites. For the Σ3 (121)/[101] GB, the fully-coordinated sites marked by the green circle also have low ∆E GB , especially for the heavier solute cations.
These three low ∆E GB sites are also the most strained sites in the GBs. The blue sites in the Σ3 (111)/[101] GB and the yellow sites in the Σ3 (121)/[101] GB have largest energies displaying a barrier for doping and preference for the Ce-atoms to remain in a site that has coordination and bond-length similar to that of the grain interior. Similar trends in four symmetric tilt GBs have been observed for yttria-stablized zirconia. 55, 56 It is noteworthy that the addition of Be and Mg make the GBs consistently more unstable 
Electronic Structure of AEM Doped Ceria
Aliovalent solutes are often used to increase the number of charge carriers in ceramic oxides. 62 But they can also introduce localized defect states and/or bands above the band gap activating electronic conduction mechanisms such as polaron hopping. 63, 64 This can be detrimental to the ionic conductivities. In this section, we show that the AEM solutes can deactivate these potentially detrimental electronic conduction mechanisms. In this context, we find that AEM solutes do not introduce any defect states above the valence band or in the band gap as discussed below. 
Conclusions
In conclusion, we use DFT with GGA+U functional to examine the structure, stability and electronic properties of undoped and alkali-earth metal doped GBs in ceria. We studied two Considering all the substitutional sites in the GB core, we find that when the GBs are doped with ∼20% AEM solutes, the GB energies of ceria will depend strongly on the substitutional site's coordination numbers and its local atomic structure. We identify the In the future, advances in computational methods and computing power can enable a comprehensive first-principles based study of more GB structures, solute concentrations as well as the coordinated transport of oxygen-vacancies and ions. Our work serves as a guide to these future studies, making an impact on the design of more efficient oxide based ionic conductors.
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